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THE ACCUMULATION AND RETENTION OF RADIOPHOSPHOROUS
BY ESCHERICHIA COLI

Douglas Gunnison, M.A.
Western Michigan University, 1968

The accumulation and retention of inorganic phosphate P
Escherichia coli was studied.

32

by

Concentration factors and biological

half-lives are reported for the uptake and retention of P

32

by E.

coli in two environments - a 0.01% Knop's buffer solution and a 0.01%
K n o p ’s buffer solution containing 10
phorous.

-5

moles of non-radioactive phos

The presence of competing non-radioactive phosphorous in

the irradiating media was found to result in a shorter biological
half-life of P

32

in E. coli than that found for the media without the

added non-radioactive p h osphorous.
Evidence is presented for a possible active metabolic role in
the uptake of P

32

by E. coli.

The viability of E. coli in the uptake and retention medias was
studied.

E. coli cells were found to have a larger rats of survival

in Knop's buffer solution without non-radioactive phosphorous.

In

both medias, E. coli suffered a larger mortality in the presence of
P

32

(uptake) than it did in the absence of P

32

(retention).

vii
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INTRODUCTION

Pollution of the aquatic environment by artificially-produced
radionuclides is a recent problem but by no means a small problem.
For example, according to Polikarpov (1966), England, France, and the
United States are currently discharging large volumes of untreated
radioactive wastes into the world's waters.

This problem will be com

pounded if such countries as Norway, Sweden, Holland, Italy, and
Japan continue their plans to utilize radioactive materials.
Major sources of radioactive pollutants are listed by the N a 
tional Academy of Sciences (1960) and include:

1) detonation of

nuclear devices (experimental, warfare, constructional excavation),
2) experiments in oceanography and limnology, 3) laboratories using
radionuclides for research or medical purposes, and 4) nuclear power
plants.

Although many of the above facilities do not intentionally

pollute the surrounding environment, low-level wastes do manage to
escape man's control through induced activity in coolant waters,
leakage of resins, fuel elements, and disposal systems, and accidents
to reactor systems.
The aquatic environment has received research attention from bio
logists because of its proximity to much of the developmental testing
of nuclear weapons in the past (i.e., Bikini Atoll, March 1956) and
because of the frequent use of the aquatic environment by nuclear
power plants for cooling and waste disposal.

The danger of radio

nuclides has become more apparent with the realization that:

1) the

concentration of radionuclides in the world's waters is gradually

2
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increasing, 2) radionuclides are known to exist in localized pockets
and not to necessarily spread immediately through large bodies of
water, and 3) aquatic organisms have the ability to concentrate these
elements, often with such deleterious effects to the organism as to
damage tissues or to alterate genetic structure.

Such changes become

more obvious whe n the activity and the reproduction of aquatic orga
nisms becomes affected.
One question which has emerged in various investigations of
aquatic habitats by radioecologists is whether or not food chains
play a significant role in the transfer of radionuclides.

Shekanova

(1959) found that fresh-water fishes concentrated phosphorous-32 more
readily from water than from food.

Lebadeva (1963) noted that even

when yearling carp were fed food containing strontium-89 in which con
trol carp were maintained, uptake by fed carp remained lower than that
of the controls.

Palumbo (1961) and Davis (1961) observed that the

rare earth elements were accumulated principally by direct absorption
and that the amount of absorption was related to the surface area of
an aquatic organism.

In contrast, Ball and Hooper (1961) studied the

translocation of radiophosphorous within a trout stream ecosystem.
They observed the nature of the various food chains within the stream
ecosystem and found that direct uptake of phosphorous-32 from the
water was not a major source of phosphorous-32 in invertebrates and
fish.

Laboratory investigations by Whitten and Goodnight (1966) con

firmed the ability of phosphorous-32 to be transferred in food from
tubificid worms to bluegill sunfish.
In order to investigate the possible movement of radioisotopes in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

food c h a i n s , the author proposes to examine the transfer of radio
phosphorous from Escherichia coli to Tubifex sp.

It is known that

bacteria are capable of incorporating inorganic phosphorous from
their ambient media into organic compounds within the cell and that
tubificid worms use microorganismal forms as food sources.
This thesis was undertaken to investigate the initial step in
this radiophosphorous transfer - the ability of E. coli to concentrate and retain P

32
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SURVEY OF THE LITERATURE

Phosphorous in the Aquatic Environment

The dependence of living organisms on phosphorous and its re
lated compounds was emphasized by Katchman (1961) who noted that life
was fastidious to the form in which phosphorous could be accepted
from the environment.

Aquatic life, just as terrestrial life, r e 

quires phosphorous for structure in nucleic acids, proteins, phospho
lipids, ATP, and nicotinamide compounds as well as for energy transfer
reactions.
Phosphorous, however, has been a difficult element for investi
gators to study.

It is a dynamic compound which is not only cycled

rapidly by life forms, but which is also capable of undergoing large
concentration fluctuations in aquatic bodies.

Early observations in

this area were made by workers who were concerned with the use of
phosphate-containing fertilizers to improve plankton and fish yields
in natural bodies of water.

Juday and Schloemer (1938) attempted to

improve plankton crop yields of Wisconsin lakes by the addition of
superphosphates and ammonium phosphates to these lakes.

They found

that the fertilizers disappeared rapidly into the waters and in
creased the phosphate concentrations as much as five-fold.

The large

phosphate concentration, however, decreased rapidly and had little
effect on the plankton.

Other investigators conducted similar experi

ments to improve fish yields (King, 1943, Gross et a l ., 1944, Smith,
1945, and Orr, 1947).

The results were similar in all cases.

6
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Fertilizers disappeared rapidly, rather than slowly, thus causing a
large increase in the phosphate concentrations of the various aquatic
bodies.

Again, high increased phosphate concentrations were followed

by complete loss of the added phosphate from the water.

Smith (1945)

found that the only organism which benefited from such massive phos
phate doses was the alga Anabaena which under went an unusually large
bloom.

Gross (1949) noted that such treatments caused a decline,

rather than an increase, in fish yield.
Phosphorous has been found to have widely varying concentrations
within the same body of water and often to affect the living organisms
which share the same area.

Newcomb and Slater (1950) studied the

phosphate concentrations in a Southeastern Michigan lake.

They dis

covered that concentrations ranged from 0.032 to 0.068 parts per mil
lion within the same lake and that corresponding to increased phosphate
concentrations there occurred increased amounts of the green sulfur
bacterium Chlorbium limnicola.

Tucker (1952) observed the physical-

chemical nature of several Michigan lakes within the same geographical
area and noted that the changes in phosphate concentration within
these lakes corresponded to the sizes of the phytoplankton pulses in
the same lakes*

Pomeroy (1960) attempted to estimate the residence

time of phosphorous in natural waters, but was unable to find a con
stant figure for this.

The residence times varied from 0.05 to 200

hours while the phosphorous removal rates ranged from 0.1 to 1.0 mg./
c u . meter/hour.

The Phosphorous Cycle
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The knowledge of the existence of a phosphorous cycle within the
aquatic environment and the elucidation of the cycle mechanism a d 
vanced slowly with the realization that phosphorous was not only in
equilibrium with the living components of natural waters, but that
phosphorous also participated in an equilibrium with the non-living
components as well.

Einsele (1938) observed the importance of the ox-

idation-reduction relationships within lake dynamics.

He found that

ferric iron formed complexes with phosphates and with phosphate-adsorbing hydroxide complexes which held the phosphate out of solution.
He noted that the summer oxygen depletion which occurred in the hypolimnetic regions of lakes could cause the reduction of ferric iron to
the ferrous iron state with the release of complex-bound nutrients.
The autumnal overturn would, then, reoxygenate the hypolimnetic waters
and ferrous iron could then reoxydize to ferric and again form in
soluble complexes.

Mortimer (1941, 1942) further extended E i n sele's

work when he found that the reduction of mud also resulted in the de 
struction of the ferric complex.

Although he first thought that mud

had to be reduced by oxygen depletion in overlying w a t e r s , he later
found that biotic activity in mud surfaces during the months of winter
ice cover was also sufficient to cause an oxygen deficit.

Laboratory

experimentation by Ohle (1953) and later by Carrit and Goodgal (1954)
verified the ability of iron hydroxide complexes and various earths
(Bentonite, Fuller's earth, Chesapeake Bay Sediments) to remove phos
phates from water.

In each case, the maximum removal of phosphate

was found in the pH range from 4 to 8.

The ability of calcium to re 

move phosphate from solution was demonstrated by Zickler et a l ., 1956,
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w ho found that superphosphates combined with free calcium to form
apatite in bog lake sediments.
The introduction of radiophosphorous as a tracer in limnological
investigations greatly assisted researchers who were concerned with
'the movement of phosphorous in the aquatic environment.

To describe

the utilization of phosphorous by plants and animals and to trace its
penetration into the water, Coffin et a l . (1949) added 100 millicuries
of P

32

to the surface of a stratified bog lake and found that within

a few hours the tracer was taken up by sphagnum, plankton, and sponges.
Although gradually incorporated by fishes, the radiophosphate did not
£gnetrate the lake depths and no active uptake by mud was found.
Hayes et al.

(1952) however, did find uptake by lake muds as well as

by aquatic life when P
primitive lake.

32

was added to the surface of an unstratified

From this they postulated that there existed an ac 

tive exchange between phosphates in the lake water and participating
phosphates in lake solids.

Other workers have found similar losses

to the mud and water of the hypolimnion and have also noted the exis
tence of an active exchange between solids present in muds and water
and phosphate in water (Rigler, 1956, Hutchinson and Bowen, 1957).
The role played by bacteria in the cycling of phosphate in the
aquatic environment, although not completely understood, has received
increasing attention from investigators.

Rigler (1956) found that

when radiophosphate was added to a small bog lake, 95% of the phos
phate which was not taken up by the mud and water of the hypolimnion
was concentrated by plankton, the majority of which consisted of
bacteria.

Hayes and Anthony (1958) observed that the productivities
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of 16 Canadian lakes were independent of the phosphorous concentra
tions but that the phosphorous concentrations exhibited an annual
cycle which included a Winter maximum, a Spring decline, and a Summer
minimum.

They also discovered a corresponding decrease in organic

material which was directly related to an increase in alkalinity.
Elevation of alkalinity was attributed to increasing bacterial activ
ity as the pH increased.

The flux of inorganic phosphorous concentra

tion was interpreted as bacterial equilibrium of inorganic phosphate
which removed one-half of the total phosphate in solution.
Additional investigations by Hayos et a l . (1958) demonstrated
that a large percentage of the first millimeter of mud surface layers
of the same 16 Canadian lakes was composed of bacteria, a situation
which did not exist in artificial mud samples.

Continued examination

of muc sample cores from the same aquatic bodies by Hayes and Phillips
(1958) resulted in a more detailed knowledge of the role of bacteria
in phosphorous equilibrium.

Although the method of mud layering in

natural and artificial mud sample cores made little difference in the
pattern and rate of phosphorous equilibrium with the mud, the addi
tion of antibiotics to the sample cores resulted in radiophosphorous
remaining in inorganic form.

The resulting phosphorous concentra

tions within core sample waters decreased and the radiophosphorous
was found to be locked in the mud and in higher plants.

In all cases,

phosphorous equilibrium with water was greater in the presence of bac
teria.

From this, Hayes and Phillips postulated that bacteria held

phosphorous in the water by 1) an accelerated return of phosphorous
to water by mud surface bacteria and 2) rapid uptake of phosphorous
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from water by bacteria coupled with bacterial ability to hold phos
phorous from colloidal and chemical absorption by the formation of
non-participating soluble organic phosphorous compounds.

Escherichia coli and Phosphorous

Morphological and Ecological Characteristics

Escherichia coli was described by Thimann (1963) as being a gram
negative, catalase positive rod which was peritrichously flagellated,
facultatively aerobic, and able to produce acid and gas from lactose.
E. coli was physiologically distinguished from the rest of the coliform group in that it gave positive indol and methyl red acidity tests
while lacking the ability to produce acetylmethylcarbinol or to use
citrate.
E. coli is normally a commensual inhabitant of mammalian intest
inal tracts.

According to Pelczar and Reid (1965), however, E. coli

has been found to live longer in w ater than intestinal pathogens.
Kline (1955) has observed that the coliform organisms are capable of
growing on leather washers, ropes, jute packing, and other organic
materials found in aquatic bodies.

Increasing usage of natural

waters for the disposal of human wastes has resulted in large numbers
of coliform bacteria being introduced into the aquatic environment.
Addition of organic wastes has provided the materials necessary for
these organisms to live and to multiply-

Escherichia coli and Phosphorous Metabolism

The majority of the investigations on the use of phosphorous by
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E. coli have been concerned with the structural and energy transfer
functions of phosphorous in this organism.

Those ecological studies

which have been reported have dealt primarily with phosphorous as a
limiting factor in cell growth and the lethal effects of radiophos
phorous on cell populations.

Caldwell and Hinshelwood (1951) found

that the generation time of E- coli remained constant when the phos
phate concentration in the media exceeded 0.1 mg. per liter of media.
Clark and Goring (1951) found that if the radiophosphate content of
the media was greater than 0.1 millicuries per milligram of phos
phorous present,

the cells in the media died.

The loss of phosphorous

by bacterial cells was studied by Carroll et a l . (1952).

Cells which

were tagged with radiophosphorous were found to lose phosphorous im
mediately prior to and during cell death.
The entrance of phosphorous into bacterial cells was examined by
Stadtman et a l . (1951) in association with the phosphotransacetylase
system of E. coli.

It was found that the transacetylation enzyme in

the presence of coenzyme A could catalyze a reaction whereby acetyl
phosphate formed acetyl Co A with the release of inorganic phosphate
into the cell.

The acetyl phosphate complex was found to originate

at the cell wall as phosphate entered the cell from the media.
The incorporation of phosphorous into bacterial cell compounds
has been of interest to many investigators.

Williams et a l . (1940)

used radiophosphorous to study phosphorous uptake by E. coli and
found phosphorous incorporation into nucleoproteins and phospho
lipids.

Similar work by Siminovitch and Graham (1956) showed that

radiophosphorous which was incorporated into cell DNA and RNA during
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multiplication was retained as nucleotide phosphorous by subsequent
generations.

Phosphorous incorporation rate studies by these workers

indicated that RNA acquired radiophosphorous more rapidly than DNA
and that the precursor pools of DNA and RNA required 1 hour to empty
before radiophosphorous could be taken up.

Later work by Wade et a l .

(1964) and Cairns and Davern (1966) indicated that P

32

incorporation

into bacterial DNA was confined to the terminal nucleotides and that
decay of P

32

DNA could cause cessation of DNA synthesis and therefore

lead to cell death.

The total amount of radiophosphorous acquired by

E. coli was investigated by Kausche and Haardick (1958).
usually found to remove from 4 to 10% of the total P

32

Cells were

in the media,

although amounts as high as 35% were obtained in longer incubation
periods.

Uptake of P

32

which exceeded 15% of the radiophosphorous

present in the media was found to result in increased cell mutation
rates, while incorporation of amounts greater than 30%

caused a

high rate of cell death.
The uptake of phosphorous by bacteria in the aquatic environment
has been poorly studied.

With the exception of a few investigations

into the roles played by bacteria within lentic ecosystems (see The
Phosphorous Cycle), the only research done in this area seems to have
been confined to the relationships of phosphorous and bacteria in
wastewaters.

Levin and Shapiro (1965) studied the uptake of phos

phorous by bacteria in activated sludge and found that bacteria were
able to concentrate phosphorous in the absence of a carbon so u r c e .
They termed this type of phosphorous incorporation a "luxury uptake"
of phosphorous.

They further observed that although bacterial uptake

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

of phosphate in the presence of a carbon source could result in the
removal of as much as 80% of the total phosphate present in sludges,
the luxury uptakes by the same organisms often incorporated amounts
as high as 63% of sludge phosphates.

Later studies by Shapiro (1967)

with wastewater bacteria, including the coliforms, revealed that
these organisms took up phosphorous under aerobic conditions and lost
nearly equal amounts of phosphorous when the environment was changed
to anaerobic conditions.

The process was found to be reversible if

the environment was returned to aerobic st a t u s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PART III .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PROCEDURES

Irradiation of Escherichia coli with phosphorous-32 has been
previously reported (see literature survey).

Many of these investi-

gations , however, were concerned with the incorporation of P

32

by

cellular components rather than total uptake by the entire organism.
Investigations which have been concerned with whole cell phosphorous
content have been often indirect in that a measurement was made of
bacterial incorporation of phosphorous by analyzing the loss of phos
phate from the ambient media.

Such methods have the disadvantage of

ignoring phosphate loss by absorption on container walls and the a d 
dition of organic phosphate by dying bacteria.
In order to investigate the manner in which bacteria participate
in the natural cycling of phosphorous, a method of determining total
cell radiophosphorous content was devised.

All procedures were con

ducted in a buffer solution rather than in a nutrient broth to more
closely simulate an aquatic environment.

The rate of uptake, the

maximal level of accumulation per gram, the concentration factor, and
the retention of P

32

were determined for E. coli in this buffer sys

tem.

Culture and Methods

100 ml. of nutrient broth (BBL) were prepared in a 250 ml.
Erlenmeyer flask and were innoculated with E. coli from a stock cul
ture (isolated from human fecal material according to Standard Methods
for Water, Sewage, and Waste Examination).

The culture was then

16
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placed on a New Brunswick Metabolyte Water Bath Shaker Model G-77 and
incubated for 6 hours at 250 RPM and 37° C.

A 1.0 ml. aliquot was

placed into 499 m l . of fresh nutrient broth in a 1 liter Erlenmeyer
flask.

This was incubated under the above conditions for 18 hours to

permit the maximum stationary phase to be reached-

At this time, the

cells were harvested by centrifugation at 3,150 x g. for 30 minutes
using a Sorvall Model NSE Angle Centrifuge with a type SP/X rotor.
The cells were then washed twice by resuspension in a 0.01% Knop's
buffer solution (see appendix for composition) and retrieved by cen
trifugation.

Uptake Procedures

Washed cells were resuspended in 500 ml. of Knop's buffer solu
tion, placed into a 1 liter Erlenmeyer flask, and gently agitated for
12 hours on the shaker bath at 20° C. and 150 RPM to insure uniform
cell suspension.

The cell-buffer mixture was maintained under these

conditions for the duration of the experiment.
Irradiation of the cell-buffer solution was accomplished by addition of a sufficient quantity of sterile Sodium Phosphate P

32

(Abbott Radiopharmaceuticals) to yield a final concentration of 10
microcuries of P

32

per liter of mixture.

After a 30 minute exposure period,

50 ml. of the cell-buffer

mixture were removed and 10 ml. aliquots were pipetted into 15 ml.
Sorvall Pyrex Centrifuge Tubes.

The cells were removed from the

buffer by centrifugation at 3,150 x g. for 30 minutes (making a
total effective exposure period of 1 h o u r ) .

Cells were then washed
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twice with Knop's buffer (non-radioactive).

Each of the samples was

resuspended in 1.0 ml. of distilled water and then poured into a n u m 
bered and preweighed scintillation vial.

Remaining traces of sample

were removed from the test tube with two additional 1.0 ml. distilled
water rinses which were also added to the vial.

The vials were then

placed into a Labline No. 3500 oven and dried at 80° C. for 6 hours.
Dried vials were cooled for 1 hour in a desiccator containing Drierite
(Hammond) as a moisture absorbant and then reweighed.

Dry weight of

E. coli was obtained by vial weight difference.
E- coli cells were lysed and digested by adding 1-0 ml. of tol
uene and 2.0 ml- of Hydroxide of Hyamine (Nuclear Associates) to each
vial.

Vials were then swirled until all evidence of cells had been

removed.

17.0 ml. of a scintillation cocktail containing 8.0 grams

of Butyl PBD (Nuclear Associates) per liter of toluene were added to
each vial.

Vials were capped, placed into a Packard 3310 Liquid

Scintillation Spectrometer, and counted for a sufficient period of
time so that the counting error was less than 5%.

Sample counts were

corrected for background, half-life, and converted to disintegrations
per minute (dpm) per gram dry weight of bacteria with the use of the
f o r m ul a :
,
.
,
corrected counts per minute of sample
dpra/gm. dry w t . = ------ f t T dry weight of sample------

Percent efficiency (%E) was obtained from a quench curve prepared
with a set of known standards (see appendix for the curve).
Additional 50 ml. samples were removed at 2.5, 5.5, 11.5, and
23.5 hours after the radiophosphorous introduction.

All samples were
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treated in the same manner as those removed at 30 minutes.

Retention Procedures

Cells were irradiated as in the uptake procedures for a period of
24 hours.
before.

At this time, a 50 ml. sample was removed and treated as
The final dpm/gm. dry weight of bacteria obtained from these

samples were considered to be the activity possessed by the bacteria
at time 0.

The remaining 450 ml. of cell-buffer mixture were centri

fuged and washed twice with Knop's buffer.

Washed bacteria were r e 

suspended in 450 ml. of Knop's containing 8.72 mM P/liter (equal to
the amount of P in 10 microcuries of P

32

), poured into a 1 liter

Erlenmeyer flask, and incubated in the shaker bath at 20
RPM.

o

C. and 150

After 30 minutes, a 50 m l . sample was removed and treated as in

the uptake procedures.
11.5, and 23.5 hours.
error.

Additional samples were taken at 2.5, 5.5,
All samples were counted to the 5% level of

Results were expressed as dpm/gm. dry weight of bacteria.

Competition with Non-radioactive Phosphorous

Methods used were identical with the uptake and retention proced u r e s , except that 10

—5

moles of non-radioactive P (NagHPO^) were

present in each liter of Knop's buffer solution used as uptake and
retention media.

Inhibition of phosphorous Uptake with 2 ,4-Dinitrophenol

In order to determine whether or not the uptake of P

32

by E.

coli was a metabolic process, several experiments were tried using
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2 ,4-dinitrophenol as a phosphorylation inhibitor.

The procedures

used were the same as those used in the original uptake studies, but
the Knop's buffer solution contained 2 x 10

-3

M 2,4-DNP.

Determination of Percent Viability

It was of interest to know whether there existed a high mortality
of E. coli during the uptake and retention conditions.
tion experiments were studied.

Only reten

Since the E. coli in these experiments

underwent both uptake and retention, the viability could be studied
in both processes with the same set of organisms.

Aliquots of 1.0

m l . were taken from the medias at the time of irradiation and plated
with trypticase soy agar (BBL) at dilutions of 10
Plates were incubated for 24-48 hours at 37

o

-7

,10

-8

, and 10

-9

C. and the resulting

colonies were counted on a Quebec colony counter.

Additional 1.0 ml.

samples were removed at 12, 24, 48 and 72 hours after introduction of
radiophosphorous.

Resulting values were averaged for each of the

time periods and converted to percent viability with the use of the
equation:
„
No. of colonies present at time X
Percent Viability ■ — ---- ---- ----:---------- — ; ■■■.---- 3— :--- — — — -No. of colonies present at time of irradiation

-

Statistical Methods

Uptake, retention, 2,4-DNP inhibition, and percent viability
final values were analyzed for variance with an f-ratio test program
entitled "One-Way Analysis of Variance, Model 2 (Random Effects)"
available from the Western Michigan University Mathematics Department.
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This model permitted analysis of both internal

(between samples) and

external (between experiments) variation in the samples.
Uptake curves were fitted to the data with the use of a non
linear regression analysis program obtained from the Upjohn Company
of Kalamazoo.

A similar model was used by Goodnight and Whitten

(1966) in fitting curves to data obtained from radionuclide uptake
studies on tubificid worms.

Such methods of data analysis have the

advantage of eliminating discrepancies which are introduced when
curves are fitted by eye.
Since the liquid scintillation counter used had no attached com
puter print out system, all data was taken manually from the counter
and converted to dpm/gm. dry weight of bacteria (see Culture and
Methods for the formula) before being punched on IBM cards for processing.

The general formula used to describe the uptake of P

32

by E.

coli was;

/•n
-ktN
. Y = a(l - e
)

where:

Y = dpm/gm. dry weight of bacteria (dependent variable)
t = time (independent variable)
a = asymptotic value of the curve
k = the rate constant in reciprocal days as t is in days
e = the base of the natural logarithms

Retention data were not similarly fitted because of the lack of
a proper descriptive function.

Instead, the means of all samples

taken at a given time interval were averaged, converted to percent
retention,

(see Culture and Methods for formula), and a curve was
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fitted visually to the various hour values.
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RESULTS
32
The uptake and retention of P
by E. coli was studied.
rates of uptake, the maximal level of P

32

bacteria, the biological half-lives (T

The

accumulation per gram of
and the rates of radio-

isotope loss were determined for E. coli in two different medias _5
Knop's buffer solution and Knop's buffer solution containing 10
non-radioactive phosphorous.

M

The concentration factors (C.F.) at

equilibrium were determined with the use of the equation:
F

_ dpm/gm. dry wt. of bacteria at equilibrium
d p m / m l . at time 0

Values for the uptake of P
given in Tables I and III.

32

The curves and equations for these u p 

takes are presented in Figure 1■
P

32

by E. coli in the two medias are

A comparison of the rate changes in

uptake for the experimentally determined hour values is given in

Table V I I I .

It can be seen from the figures in this table and from

the curves in Figure 1 that E. coli in Knop's buffer solution has a
larger rate of uptake and a slower approach to equilibrium than E.
coli in Knop's buffer solution with 10

-5

M non-radioactive phosphorous.

It can also be noted from the curves and from Tables I and III that
E. coli in Knop's solution has a higher level of accumulation than E.
coli in Knop's solution competing for non-radioactive phosphorous.
The concentration factor for E. coli in Knop's buffer

solution is

334.16 which represents an uptake of 15.04% of the total available
P

32

.

The concentration factor for E- coli in Knop's buffer solution

24
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with 10

—5

M non-radioactive phosphorous is 173.08 which represents an

uptake of 9.14% of the total available P

32

.

A possible explanation

for the observed differences in uptake and in accumulation by E. coli
in the two medias is considered in the discussion.
Values for the retention of P
given in Tables II and IV-

32

by E. coli in the two medias are

There is a discrepancy between the level

of accumulation at 24 hours in the uptake process (see Table I) and
the 0 hour level in the retention process (see Table II) for E. coli
in Knop's buffer solution.

This discrepancy is not found in the cor

responding hour values for E. coli in Knop's buffer solution containing
non-radioactive phosphorous (see Tables III and IV).

A possible

explanation for this is presented in the discussion.

The retention

curves for E. coli in the two medias are shown in Figure 2.
the P

32

Since

loss curves each assume essentially linear qualities after 6

h o u r s , straight line equations have been computed for each curve for
the time periods exceeding 6 hours.
in Figure 2.

These equations are also given

The biological half-lives (Tg^) for E. coli computed

from these equations are 128.31 hours for E. coli in Knop's buffer
solution and 29.32 hours for E. coli in Knop's buffer solution con
taining non-radioactive phosphorous.

These results are in good

agreement with graphic extrapolations of the retention curves.

It

can be seen from the curves in Figure 2 that E. coli in a solution
containing 10

-5

32
M phosphorous has a faster rate of P
loss than does

E. coli in a non-radioactive phosphorous-deficient solution.

E. coli

in the non-radioactive phosphorous-containing solution exhibited an
average P

32

rate loss of 31,833 dpm/gm. dry weight of bacteria/hour
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while E. coli in the non-radioactive phosphorous-deficient solution
showed an average loss rate of 16,329 dpm/gm. dry weight of bacteria/
hour.

32
The observed differences in P
loss will be considered in the

discussion.
The values for the inhibition of P
dinitrophenol are given in Table V.
in Figure 3.

32

uptake by E. coli with 2,4-

The curve for this is presented

The curve shows a linear uptake of P

32

for the first

hour of exposure at a rate gain of 186,561 dpm/gm. dry weight of b a c 
teria/hour.

The curve undergoes a rapid leveling off between the

first and the third hours and then shows a loss of P
essentially linear after 6 hours.

32

which becomes

A linear equation has been computed

for the straight line portion of the loss curve segment and is also
presented in Figure 3.

The average rate of P

32

loss for the linear

curve segment was 1,491 dpm/gm. dry weight of bacteria/hour.

It can

be seen from Figure 1, Curve I and Figure 3 that there is a 10-fold
difference in magnitude between P
P

32

32

uptake inhibited by 2,4-DNP and

uptake not inhibited by 2,4-DNP.

Ihe inferences which may be

made from DNP inhibition of uptake are considered in the discussion.
Values for the viability of E. coli in the two uptake-retention
medias are given in Tables VI and V I I .

The curves for the percents

of these values are shown in Figure 4.

Since neither of the curves

assumed a linear rate for the major portions of their lengths, no
attempt has been made to compute equations describing their d e 
creases.

It can be seen from Figure 4 that E. coli has a greater

viability of Knop's buffer solution which is free of added n o n 
radioactive phosphorous.

Since bacterial cells are considered to be
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alive (viable) only when they are capable of multiplication, it may
_5
be inversely stated that E. coli has a greater mortality in the 10
M non-radioactive phosphorous solution.

In both solutions, cell death

is greater in the uptake phase (hours 0-24) than in the retention
phase (hours 24-48).

The relation of viability to uptake and retention

is presented in the discussion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE I.

24 Hour Uptake of P

Experiment Number

I

32

by E. coli (in Knop's Buffer Solution)*

II

III

IV

V

Hours after P32
Introduction

*

1

1,343,426.42
S.E. 120.75

1,238,836.34
S.E. 103.54

1,166,781.20
S.E. 190.76

1,328,476.28
S.E. 148.86
\

1,293,830.32
S.E.
200.77

3

3,177,752.75
S.E. 120.75

3,164,484.20
S.E.
245.50

3,190,975.00
S.E.
250.83

2,950,481.40
S.E. 150.17

3,175,448.20
S.E. 150.86

6

5,214,494.00
S.E. 130.15

5,137,832.80
S.E. 198.82

5,104,512.80
S.E.
250.83

4,933,904.20
S.E. 131.08

5,183,369.20
S.E. 163.70

12

7,113,207.40
S.E.
233.51

7,053,306.00
S.E.
203.29

7,110,817.60
S.E. 311.97

7,016,045.60
S.E. 180.79

7,196,440.60
S.E. 188.93

24

7,188,100.40
S.E. 142.76

7,066,201.60
S.E.
218.96

7,145,329.40
S.E.
208.38

7,030,068.40
S.E.
257.74

7,134,079.60
S.E.
242.72

Values given are mean dpm/gm. dry weight of bacteria obtained from 5 samples.
S.E. = Standard error of the mean.
to

oo
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TABLE II.

32
24 Hour Retention of P
by E. coli (in Knop's Buffer Solution)*

Experiment Number

I

II

III

IV

V

Hours after P32
Removal

*

0

5,594,856.00
S.E.
172.33

5,699,699.00
S.E. 167.36

5,627,166.60
S.E. 193.94

5,619,019.00
S.E.
202.27

5,618,581.00
S.E.
295.64

1

5,330,501.80
S.E.
161.89

5,139,401.80
S.E.
248.50

5,242,032.40
S.E.
203.79

5,224,506.00
S.E. 194.21

5,233,348.80
S.E.
170.48

3

5,033,392.80
S.E.
219.66

4,964,256.20
S.E.
267.78

4,962,912.60
S.E.
214.99

5,063,973.'80
S.E.
219.46

5,040,153.80
S.E.
167.38

6

4,856,694.00
S.E.
265.06

4,795,552.00
S.E.
283.81

4,751,184.40
S.E.
210.36

4,914,933.60
S.E.
206.38

4,750,136.40
S.E.
148.09

12

4,690,168.40
S.E. 169.18

4,581,620.80
S.E.
214.52

4,775,401.20
S.E.
161.03

4,787,600.00
S.E.
203.36

4,693,623.80
S.E.
222.02

24

4,595,496.60
S.E.
185.75

4,481,099.20
S.E.
274.98

4,478,479.80
S.E.
221.24

4,523,668.60
S.E. 191.64

4,520,057.20
S.E.
283.73

Values given are mean dpm/gm. dry weight of bacteria obtained from 5 samples.
S.E. = Standard error of the mean.
to
to
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TABLE III.

Influence of 10
24 Hour Uptake of P

Experiment Number

I

Non-radioactive Phosphorous on the
by E. coli (in Knop's Buffer Solution)*

II

III

IV

V

Hours after P32
Introduction

*

1

524,329.00
S.E. 53.31

535,285.00
S.E. 43.14

530,623.20
S.E. 25.96

531,776.20
S.E. 42.11

530,384.00
S.E. 32.94

3

1,412,889.20
S.E.
83.49

1,404,772.20
S.E.
66.35

1,402,685.00
S.E.
62.77

1,405,195.60
S.E.
66.74

1,404,698.80
S.E.
62.49

6

2,177,751.60
S.E.
194.14

2,191,535.80
S.E.
125.01

2,131,821.40
S.E.
161.39

2,203,802.80
S.E.
190.83

2,149,999.60
S.E.
176.46

12

3,191,808.60
S.E.
95.79

3,162,428.00
S.E. 124.27

3,186,736.20
S.E.
171.49

3,187,782.80
S.E.
209.33

3,111,798.00
S.E.
109.56

24

3,704,142.00
S.E. 142.80

3,758,423.00
S.E.
206.54

3,715,877.40
S.E.
161.52

3 ,735,276.40
S.E.
265.82

3,725,218.60
S.E. 146.53

Values given are mean dpm/gm. dry weight of bacteria obtained from 5 samples.
S.E. = Standard error of the mean.
co
o
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TABLE IV.

^

Influence of 10
24 Hour Retention of P

Experiment Number

I

Non-radioactive Phosphorous on the
by E. coli (in Knop's Buffer Solution)*

II

III

IV

V

Hours after P 32
Removal

*

0

3,730,583
S.E. 216.06

3,720,659
S.E. 230.07

3,734,395
S.E. 200.32

3,797,056
S.E. 234.29

3,838,048
S.E. 151.56

1

3,338,980
S.E. 204.68

3,280,444
S.E. 168.97

3,307,370
S.E. 198.33

3,358,223
S.E. 176.42

3,369,849
S.E. 179.04

3

2,936,671
S.E. 127.66

2,855,651
S.E. 186.27

2,848,476
S.E. 212.76

2,847,929
S.E. 210.43

2,856,128
S.E. 200.06

6

2,651,938
S.E. 183.38

2,710,095
S.E. 197.17

2,641,820
S.E. 171.73

2,599,676
S.E. 158.69

2,543,021
S.E. 163.29

12

2,456,570
S.E. 220.27

2,432,966
S.E. 280.64

2,428,058
S.E. 178.38

2,419,350
S.E. 150.27

2,467,543
S.E. 130.03

24

2,046,043
S.E. 159.78

2,046,453
S.E. 144.14

2,101,957
S.E. 238.72

2,057,454
S.E. 116.09

2,030,611
S.E. 167.72

Values given are mean dpm/gm. dry weight of bacteria obtained from 5 samples.
S.E. = Standard error of the mean.
co
H*
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TABLE V.

32
DNP-Inhibition of P
Uptake by E. coli (in Knop's Buffer Solution)*

Experiment Number

I

II

III

32
Hours after P
Introduction

*

1

186,839
S.E. 20.02

186,225
S.E. 22.94

186,618
S.E. 23.68

3

235,282
S.E. 35.33

235,898
S.E. 31.36

235,553
S.E. 31.13

6

223,944
S.E. 30.69

229,237
S.E. 57.55

225,346
S.E. 29.86

12

217,978
S.E. 31.96

217,771
S.E. 67.88

217,938
S.E. 27.86

24

199,568
S.E. 24.01

199,353
S.E. 29.57

199,112
S.E. 28.23

Values given are mean dpm/gm dry weight of bacteria obtained from 5 samples.
S-E. = Standard error of the mean.
co
to
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TABLE VI.

32
Effect of P
on the Percent Viability of E. coli (in Knop's Buffer Solution)*

Experiment Number

I

II

III

1

280
S.E. 2.02

283
S.E. 1.82

281
S.E. 2.04

12

263
S.E. 1.83

263
S.E. 2.90

265
S.E. 1.91

24

237
S.E. 2.75

233
S.E. 1.89

233
S.E. 1.39

218
S.E. 1.35

220

222

S.E. 1.90

S.E. 2.39

32
Hours after P
Introduction

Removal of P
48

*

32

Values given are mean no. of colonies x 10
S.E. = Standard error of the mean.

obtained from 5 samples.
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TABLE V I I .

Effect of P

Experiment Number

32

on the Percent.Viability of E. coli in Knop's Buffer Solution
containing 10 M Non-radioactive Phosphorous*

II

I

III

32
Hours after P
Introduction

1

280
S.E. 1.93

281
S.E. 3.61

286
S.E. 1.92

12

240
S.E. 2.05

254
S.E. 2.75

241
S.E. 1.55

220
S.E. 1.02

219
S.E. 2.96

219
S.E. 1.82

191
S.E. 1.55

188
S.E. 1.51

190
S.E. 1.86

24

32
Removal of P
48

*

Values given are mean no. of colonies x 10
S.E. = Standard error of the mean.

obtained from 5 samples.

co

35

TABLE V I I I •

Evaluation of Rate Changes in P
Uptake
by E. coli for the Different Hour Values.*

P

32

Only

P32 + 1 0 -5 M PO^
4

Hour No.

*

1

1,201,279

478,765

3

809,622

359,765

6

453,192

232,464

12

137,373

99,627

24

13,153

1,107

Values given are dpm/gm. dry weight of bacteria/hour.
were made with the equation:
dy/dt = ake

Computations

*“k"fc
,

the derivative of the function used to describe the uptake of P
by E. coli.
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36

Figure 1.

The Uptake of P

32

by E. coli in the Two Experimental Medias.

Curve I. - E. coli maintained in Knop's buffer solution; equation:

Y = 7,418,330(1 - e - 0 '197t) .

Curve II. - E. coli maintained in Knop's buffer solution containing
10

-5

M non-radioactive phosphorous; equation;
_0

Y = 3,842,330(1 - e

144+

).

Each curve connects points computed from its equation.

Filled cir

cles represent the means of the experimentally determined v a l u e s .
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Figure 2.

The Retention of P

32

by E. coli in the Two Experimental Medias.

Curve I. - E. coli in Knop's buffer solution; equation for 6-24
hour curve s e g m e n t :

Y = -0.0290t + 0.8721

Curve II. - E. coli in Knop's buffer solution containing 10

—5

M non

radioactive p h o s p h o r o u s ; equation for 6-24 hour curve s e g ment:

Y = -0.0085t + 0.7492

Each curve connects the average values determined from each set of
experimental values found.

Filled circles represent the means of the

experimentally determined v a l u e s .
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Figure 3.

The Influence of 2 ,4-Dinitrophenol on the Uptake of P
by E. coli in Knop's Buffer Solution

32

Equation for the 6-24 hour curve s e g m e n t :

Y = - 1 ,491t + 235,122

The curve connects the average values determined from each set of
experimental values found.

Filled circles represent the means of the

experimentally determined values.
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Figure 4.

The Percent Viability of E- coli in the Two Experimental Medias

Curve I. - E. coli in Knop's buffer solution.
in Knop's buffer solution with 10

-5

Curve II. - E- coli

M non-radioactive phosphorous.

"Wash" denotes the removal of cells from the irradiating media fol32
lowed by resuspension in the same media, but without P
.

Each curve

connects the average values determined from each set of experimental
values found.

Filled circles represent the means of the experimental

ly determined values.
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DISCUSSION

Bacteria may take up radiophosphorous in two forms:

1) a direct

uptake of inorganic radiophosphate which has been introduced into the
aquatic environment, and 2) an indirect uptake of organic radiophos
phate which has been previously incorporated by other bacteria and
which has leaked out of the cell as soluble organic phosphate or
which has been released into the water as soluble organic phosphate
from dying bacteria or other life forms.

The present study has been

concerned only with inorganic radiophosphorous incorporation.

In the

aquatic environment, h o w e v e r , there exist variable amounts of n o n 
radioactive phosphorous.

It was of interest to understand the manner

in which the presence of non-radioactive phosphate would effect the
uptake and retention of P

32

by E. coli.

In order to evaluate the differences between P

32

uptake by E.

coli in Knop's buffer solution and by E. coli in the same solution,
but containing 10

-5

moles of unlabeled phosphorous, it must be observed

that there are approximately 32,000 atoms of unlabeled phosphorous
for every P

32

atom present in the 10

—5

M solution.

This high percent

age of unlabeled phosphorous would be expected to result in 1) a
decreased rate of P

32

uptake, 2) a more rapid approach to equilibrium

values, and 3) a decreased level of accumulation relative to solutions
in which no competition was present in the form of unlabeled phos
phorous.

These are the results which have been found to occur in the

medias used.

The uptake in the unlabeled phosphorous-competing media

is, however, much larger than would be expected on the basis of the
45
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unlabeled to labeled phosphorous ratio.

This may have been caused by

a large degree of non-radioactive phosphorous adsorption to experi
mental container walls or by some kind of isotope effect whereby the
heavier radiophosphorous molecules were incorporated preferentially
to non-radioactive phosphorous molecules.
In natural aquatic environments, "water" bacteria have been
found by Hayes and Phillips (1958) to equilibrate P
hours.

32

whithin 12

Considering that E. coli is not a true aquatic bacteria and

that these experiments were run much below E. c o l i ’s preferential
mesothermic temperature of 37° C.
rate and its P

32

(thereby decreasing its metabolic

uptake abilities), the results found here were in

good agreement with those of Hayes and Phillips-

The major accumu-

\
lation and the largest rates of uptakes each occurred within the
first 12 hours of exposureWhen an organism is subjected to a deficiency of a necessary
element, it might be expected that the organism would be slow to give
up its stockpile of that element.

This is what has been found for

irradiated E. coli which has been placed into Knop's buffer solution
without 10

-5

M non-radioactive phosphorous.

It was expected that E.

coli would undergo a much more rapid rate of P

32

loss when non-

radioactive phosphorous was present as an exchange element for P

32

This was also found to be true for this organism in solutions containing 10

-5

moles of unlabeled phosphorous.

loss are quite dramatic.

The computed P

phorous was 1.95 times faster than the P
lution alone.

The T ^

for E- coli in 10

32

32
—5

.
The differences m

loss in the 10

—5

P

32

M phos-

loss in Knop's buffer soM phosphorous was 4.34
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times shorter than the

of E. coli in the Knop's solution.

The discrepancy between the 24 hour uptake value and the 0 hour
retention value for E. coli in Knop's buffer solution has several pos
sible explanations.

It can be seen from Table I that the standard

errors for the five experiments in the uptake studies are quite large
These errors do not, however, account for a wide enough variation to
overlap the variations which occurred in the retention studies.

A

second possibility is that there may have been a loss of E. coli
cells during the wash process prior to the resuspension of cells in
the non-radioactive buffer.

It must be noted, however, that a simi-

lar loss is not observed in the 10

—5

M non-radioactive phosphorous

uptake and retention studies wherein exactly the same procedure was
followed.

Similarly, no significantly large loss of radiation from

the cells is found during the wash process in the uptake and retention studies with the 10

—5

the Knop's buffer solution.

M non-radioactive phosphorous added to
The loss of radiation due to cell death

from over-accumulation of radiophosphorous does not seem to be a
strong possibility.

The 15% level of P

32

accumulation found in the

Knop's buffer solution without added non-radioactive phosphorous has
not been noted to cause a large level of cell death (see Literature
Survey) and the wash process was not sufficiently long to permit the
killing of cells in large numbers by the process of transmutation as
discussed by Schulman and Cleaver (1968).

In addition, there is no

great discontinuity in the percent viability curve for E. coli in
Knop's buffer solution.

Although the curve does display a slight

change in slope at the wash point, there is no suggestion as to a
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large increase in cell death rate.

There is also the possibility

that the discrepancy is an artifact introduced either in the experi
ments or in the ensuing computations.

This becomes a strong poss-

bility when one considers the fact that the average dry weight of
bacteria in a 10 m l . sample was only 0.00450 gm. and that any small
errors in the experiment at this level would have been multiplied by
the conversion of the final values to dpm/gm. dry weight of bacteria.
In addition to the observation that the difference between the
24 hour uptake value and the 0 hour retention value for E. coli in
Knop's buffer solution may be a discrepancy, there does exist the
possibility that the difference is not an artifact, but rather that
it is what actually occurred.

It must be noted that Table VIII shows

that E- coli in Knop's buffer solution still has a rapid rate of u p 
take at 24 hours.
10

—5

Although E. coli in Knop's buffer solution with

M non-radioactive phosphorous is also taking up P

32

at 24 hours,

the rate of uptake is much closer to 0 (a rate of uptake which equals
0 would indicate that equilibrium has been reached).

Thus, the E.

coli in Knop's buffer solution may not have placed all of its P

32

into compounds where it would have been held as tenaciously as E.
coli may do when an equilibrium has been established.
2 ,4-dinitrophenol was selected as an inhibitor of P

32

uptake

because of its known effectiveness in stopping bacterial cell phos
phorylation processes.
nated and if the P

32

If all active cell phosphorylation is termi-

uptake found in these studies is dependent on

such active processes, then uptake should be decreased by the addition
of 2,4-DNP-

This is what is observed for the first 3 hours of E.
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coli exposure to 2,4-DNP.
methods of P

32

Assuming that the only non-metabolic

entry into the cell are either

by direct diffusion

into the cell or adsorption onto the cell surface, it would be expected that non-active P
of 2,4-DNP.

32

uptake could be quantitated with the use

This is not possible with the concentration of 2,4-DNP

used in these studies.

According to Shapiro (1967), 2 x 10

-3

M DNP

is at the lower limit of bacterial sensitivity and all cell phos
phorylation processes are not inhibited at this concentration.
decline in cell P

32

content seen after 3

The

hours in these studies may

have been caused by the shut down of a sufficient number of phosphorylative pathways so as to render the cells incapable of conduct
ing the processes necessary to sustain life.

Thus the decline may

represent gradual cell death, but this should be more fully investi
gated before cell death can be regarded as a definite conclusion.
The percent viability studies show a good survival rate for E*
coli in each of the experimental medias.

The addition of 10

—5

M

phosphorous to the buffer solution evidently results in a slight i n 
crease in the mortality rate.

The cells in each of the medias are

continually dying during the entire uptake and retention processes.
The experimental procedures used, however, can be expected to intro
duce some degree of auto-correction for cell death.

Bacterial cells

are known to lose phosphorous upon death (see Literature Survey).
Dead cells undergo breakdown from the action of lysozyme and other
degradative processes.

Fragments from dead cells are not brought

down by the centrifugal speeds and times used in these studies.

The

dpm/gm. dry weight of bacteria formula used accounted for any sample
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weight decline by converting all values to a per gram basis.

Further

work should be done before any correlations can be drawn between per
cent viability and observed activity.

There does exist, for example,

the possibility that organic materials from dead cells may have
served as a carbon source for the live cells.

This may account for

the more gentle slopes assumed by both viability curves in the 24-48
hour period of experimental duration.
The results found in these experiments are valid for the labo
ratory situation in which the experiments were done.

Some agreement

is found with field observations; however, an extension of these re
sults may not necessarily represent an accurate assessment of what
occurs in the natural aquatic environment.
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PART VI.
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CONCLUSIONS

1.)

Escherichia coli was found to be capable of concentrating
radiophosphorous in a carbon-free medium.

2.)

Non-radioactive phosphorous was found to compete with labelphosphorous in the uptake media.

This resulted in a.) a

decreased rate of uptake, b.) a more rapid leveling off of uptake, and c.) a decreased level of P
P

3.)

32

32

not in competition with non-labeled phosphorous.

The concentration factor for P

32

uptake in K n o p Ts buffer solu-

tion was nearly twice that found for P
tion containing 10

4.)

accumulation relative to

-5

32

uptake in K n o p ’s solu-

M non-radioactive phosphorous.

The family of equations of the general form Y = a(l - e

_kt

) was

previously found to be capable of describing the uptake of P
by tubificid worms.

32

This equation was also found to success-

fully describe the uptake of P

32

by E. coli.

The R

2

value (the

percent of observations accounted for by equation computed from
the observations) for the uptake of P
lution was

.998, while the R

2

32

32
value for the uptake of P
by E-

coli in Knop's buffer solution with 10
phorous was

5.)

by E- coli in Knop's so-

—5

M non-radioactive phos

.999.

E. coli in the presence of phosphorous lost labeled P

32

1.95

times faster than E. coli in a media without exchangeable phos
phorous.

The resulting T_, for E. coli in the exchangeable
Bg
- ---52
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53
phosphorous media was 29.32 hours; the T_i for E. coli without
B2
— ---exchangeable phosphorous was 128.31 hours.

6 .)

Evidence was found for an active metabolic involvement in P
uptake by E. coli.

32

The degree to which adsorption participates

in this process requires further investigation.

7.)

E. coli was found to survive well for a period of 48 hours in a
carbon-free media in the presence of P

32

.

Additional amounts of

non-radioactive phosphorous were found to cause an increase in
the mortality of E. coli, but the viability of E- coli still re 
mained above 60% for the 48 hour experimental period.
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APPENDIX A.

Composition of a 0.01% Knop's Buffer Solution.

Ca(N03 >2

57.1 mg./ml.

KNO

21.4 mg./ml.,

o

MgS04

21.4 mg./ml.

Solution was buffered to pH 7.4 with 10

-3

M Tris and IN H C 1 .
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APPENDIX B.

Percent Efficiency Curve for Packard Model 3310 Liquid Scintillation
Spectrometer Used for Experiments.

The window settings used extended from 500A - 1000B at a percent
gain of 7.61 in Channel 3.

Standard cocktails contained 0.00450 gm.

of dry E. coli, 1.0 ml. of toluene, 2.0 ml. of Hydroxide of Hyamine,
and 17.0 ml. of Butyl PBD cocktail mixture.
phosphorous were added to each cocktail.

Known amounts of radio

Efficiency was computed by

use of the formula: Percent Efficiency = Counts per Minute Obtained
by Scintillation Counter/Known D M Added to Cocktail.
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